ABSTRACT
Introduction
The SAGE (Velculescu et al., 1995) and DNA microarray (Schena et al., 1995; van Berkum and Holstege, 2001 ) technologies offer a new approach for monitoring metabolic processes in the cell (DeRisi et al., 1997; El-Meanawy et al., 2000; Gerhold et al., 2001; Ideker et al., 2001) . The genome-wide exploration of metabolic activity requires the integration of gene expression data with metabolic pathway databases and the development of software for representation and analysis. The analysis and interpretation of gene expression profiles in the context of metabolism is not a trivial issue. The availability of high-quality metabolic databases (Selkov et al., 1997 (Selkov et al., , 1998 Goto et al., 1999; Hodges et al., 1999 ; Kanehisa * To whom correspondence should be addressed. and Goto, 2000; Karp et al., 2000; Overbeek et al., 2000; Gerrard et al., 2001 ) fulfills a first requirement to facilitate this analysis. Other research focuses on the integration of DNA microarray data with metabolic pathways (Karp et al., 1999; Nakao et al., 1999; Wolf et al., 2000) .
The KEGG system (Kanehisa and Goto, 2000) follows a straightforward approach for the representation of metabolic pathways. It includes a collection of about hundred manually drawn pathway maps that display a network of enzymes for a range of organisms. Recently, these maps were linked to the EXPRESSION database for integration with DNA microarray data (Nakao et al., 1999) . It was, however, recognized in their paper that the current set of static and separate diagrams of metabolic maps does not provide the required flexibility to explore expression data because it is not easy to check all the separate diagrams.
The EcoCyc/MetaCyc system (Karp et al., 1999) does include a metabolic overview map in which gene expression levels can be depicted. This map in combination with the underlying database provides many details about metabolism and ways to explore gene expression data. A minor drawback of this map is the omission of pathway, enzyme and gene names, which are only obtained by moving the mouse pointer over the map. Furthermore, EcoCyc/MetaCyc has a microbial focus and only contains limited information for human (in which we are interested) and other mammalian organisms (Karp et al., 2000) .
Several other methods were developed that dynamically draw metabolic maps (Karp et al., 1997; Kuffner et al., 2000; van Helden et al., 2000; Becker and Rojas, 2001) and which are based on graphs (Di Battista et al., 1999) or PETRI nets (Reisig, 1985) . These approaches are very suitable for drawing a limited number of reactions (including names of genes, enzymes and ligands). However, for genome-wide maps these representations quickly become too large and/or too chaotic as a result of overlapping or crossing entities on the map. All these approaches for visualization of expression data in metabolic maps have in common that they are not very suited to include information to distinguish between genes that code for different isoenzymes, or to include additional information (which we will call gene and enzyme descriptors) such as sub-cellular localizations. Therefore, we propose a new manner for drawing user-specified pathway maps. We implemented ViMAc (which is an acronym for Visualizing Metabolic Activity) that enables the drawing of these pathway maps.
SYSTEM AND METHODS
The layout of the pathway map and functionality of ViMAc were dictated by the following requirements:
(1) the metabolic map must be user-configurable, dynamically generated from metabolic and other biological databases and hyper-linked to external databases;
(2) the layout of the pathway map must allow a genomewide representation of metabolic reactions and catalyzing enzymes;
(3) the system should facilitate the integration and representation of gene expression data and gene/enzyme descriptors in the pathway map.
In the examples presented below we used DNA microarray data from the diauxic shift experiment (DeRisi et al., 1997) . In this time course experiment changes in gene expression were investigated at seven successive time points if Saccheromyces cerevisiae cells switch from anaerobic growth to aerobic respiration upon depletion of glucose. We used this data set because the metabolic changes in this experiment are well studied and therefore provide a good basis to demonstrate that our metabolic map reveals biologically interesting information. Our method allows the representation of any type of expression data (e.g. ratios, log ratios, SAGE tag counts) since the user sets lower and upper thresholds to define induced and repressed genes. We use a colour scheme in which expression values below the lower threshold represent repressed genes and are coloured green, values above the upper threshold represent induced genes and are coloured red. Values between the two thresholds are coloured yellow. Figure 1 depicts a pathway map of the glycolysis and citrate cycle and comprises one of the most comprehensive maps that can be produced by ViMAc. The right part of the figure comprises the metabolic reactions, which are represented by horizontal reactions bars that are coloured according to the above-mentioned colour scheme. The rows are labelled with the ORFs and gene names, while the columns correspond to and are labelled along the bottom edge with the reacting ligands. The reaction bar markers denote the ligands that take part in the reaction. A reaction that includes a blue marker denotes a reversible reaction while a grey marker indicates an irreversible reaction. Black markers denote the ligands that occur at the right side of the reaction as defined in the reaction section of KEGG. Reactions that share a ligand are connected by vertical lines to track successive reaction steps. Each reaction in the figure is linked to a catalyzing enzyme, which may correspond to more than one gene. If two or more genes code for the same enzyme then the reaction bar is divided into equal parts by black pixels such that each part shows the expression level of one gene. This makes it easy to identify the isoenzymes that are active in a particular pathway. The reaction part of the figure also includes the reactions given as text to improve the readability of the map. The left part of the metabolic map includes several columns, which comprise the expression profile and the gene and enzyme descriptors. In this example the profile denotes the expression levels for all seven time points (the reaction bars are coloured for the selected time point). A single time point is divided into two or more parts if the corresponding enzyme corresponds to two or more genes.
Enzyme and gene descriptors
Enzyme and gene descriptors are pieces of additional information that can be included in the pathway map. Currently, gene descriptors include the sub-cellular localization of enzymes and chromosome number. These descriptors are divided into two or more parts if the corresponding enzyme corresponds to multiple genes. For enzymes, only the descriptor 'class' is included, which denotes one of the main groups (oxidoreductases, transferases, hydrolases, lyases, isomerases and ligases) according to the NC-IUBMB enzyme nomenclature. The inclusion of descriptors enhances the exploration and interpretation of gene expression data (Figure 2 ).
Databases used in ViMAc
The LIGAND database (release 19; Goto et al., 1999) is used to link EC-numbers to pathways (set of related reactions) and consequently, we follow the KEGG (release 20) classification. The LIGAND database only contains enzymes for which the class and sub-classes are fully specified according to the NC-IUBMB nomenclature. The EC-numbers from LIGAND are linked to the reaction section of KEGG, which also contains incomplete ECnumbers for which not all sub-classes are specified. In order to use ViMAc for a particular organism, the ECnumbers must be linked to the identifiers that are used in the expression data set. For S. cerevisiae these identifiers are the ORFs, which are included together with the gene name in LIGAND (841 EC-number/ORF pairs). The reactions of KEGG that correspond to incomplete EC-numbers are linked to the corresponding ORFs and The genes for most reactions in the Aminoacyl-tRNA biosynthesis occur in pairs (corresponding EC-numbers are shown). One gene is active in the cytoplasm (purple in the sub-cellular localization column) and the other in the mitochondrium (blue) or mitochondrial matrix (orange). White denotes an undefined value. At the sixth time point there is a clear differentiation between the expression of cytoplasmic genes (repressed) and mitochondrial genes (induced), which stresses the significance of mitochondrial biogenesis on glucose depletion. Most of these reactions are catalyzed by ligases (blue in the class column) except for reaction EC2.1.2.9, which is catalyzed by a transferase (pink). See http://bioinfo.amc.uva.nl/vimac/ for full size figure. genes in the MIPS yeast repository (version October 2001; Mewes et al., 2000) (1150 EC-number/ORF pairs).
A comparison of LIGAND and MIPS revealed that 78 pairs (7%) of EC-numbers and ORFs from MIPS were not included in LIGAND or the KEGG reaction section. From these 78 pairs, 69 pairs did not occur in LIGAND because the ORF was not included, while 9 pairs included ORFs that were assigned to different EC-numbers. In addition, LIGAND includes 6 pairs that are not included in MIPS (2 pairs contained ORFs not included in MIPS and 4 pairs contained ORFs assigned to different EC-numbers). These 13 (9 and 4) conflicting pairs were not removed from the database since it was unclear which were correct and they only constitute 1% of the total number of pairs (1016) included in ViMAc.
In order to explore human expression data the EC-numbers must be linked to GenBank accession codes, which are not included in LIGAND. Therefore, we extracted pairs of EC-numbers and accession codes from SwissProt (release 38). These accession codes were subsequently linked to the UniGene database (build 141; Wheeler et al., 2001 ) to obtain all accession codes that correspond to a particular gene. This ensured the integration with human expression data without being dependent on a particular gene accession code used in the gene expression data set. In this way we linked 592 EC-numbers to 1934 UniGene clusters resulting in 2228 EC-number/UniGene cluster pairs. UniGene also provided the gene names. Enzyme and gene descriptors were obtained from several databases. Enzyme classes were obtained from LIGAND. The chromosome number for yeast ORFs and sub-cellular localization for yeast enzymes were obtained from the SGD database (version October 2001; Cherry et al., 1998) . UniGene provided the chromosome number for human genes, while SwissProt was used to obtain the sub-cellular localizations of human enzymes. Since we focussed on data representation and most databases we used are generally considered to be of good quality we did not implement filters to remove errors or inconsistencies from the data, although this could further improve the interpretability of the gene expression data in specific cases.
Sorting of reactions
The reactions that are stored in the ViMAc database are sorted prior to map generation, which necessarily determines the order of ligands. The starting point of sorting (the first reaction to be drawn) can either be the first reaction retrieved from the database or specified by the user. For each pathway a new starting point can be specified. Once the first reaction is obtained, the sorting algorithm searches for a next reaction in the database, which contains a ligand that is part of the right side of the previous reaction. This process is continued until the reaction chain cannot further be elongated. At that moment the algorithm steps back in the simultaneously produced ligand chain and extends a next chain of reactions in a new branch. This process continues until all reactions for the selected pathways are placed on the map. The result is a metabolic map with chains of succeeding reactions.
Configuration of pathway map and queries
Since one is probably not always interested in all pathways or other information stored in ViMAc, the user can configure the maps in several ways. For example, instead of displaying multiple gene identifiers (yeast ORF or human accession code) and gene names coding for a particular enzyme, the EC number may be represented instead. The ordering of pathways can be specified and reactions given in text to the right of the reactions bars can be discarded from the map. ViMAc allows the retrieval of reactions that are linked to a particular enzyme, gene or ligand. The user can specify gene and enzyme descriptors to be included.
Since it is not always clear in which pathways repressed or induced genes participate, the ViMAc systems allows, for example, retrieving all reactions that correspond to up-and down-regulated genes or all not down-regulated genes. This generates a map of potentially interesting pathways. The vertical lines that connect reactions that share ligands may be discarded from the map or only connect reactions that correspond to e.g. induced genes, which facilitates the tracking of successive reactions steps that are 'turned on'.
ViMAc also allows aligning pathways to the left of the figure, which is especially useful for a first exploration of a large genome-wide map. Normally, the reaction bars in our map are mainly drawn around the diagonal of the figure (e.g. Figure 1 ) because most pathways contain a subset of ligands that are more or less characteristic for that pathway (e.g. lipids do not occur in the glycolysis). Alignment avoids such sparse maps (effectively, the pathways are stacked), but information about reactions that connect pathways is lost.
Sorting of gene and enzyme descriptors
ViMAc provides the possibility to sort the reactions in the metabolic map according to values of enzyme and gene descriptors. The sorting of the reactions according to enzyme descriptors is straightforward and results in blocks of reactions that correspond to the same descriptor value. The sorting of gene descriptors is more complicated because multiple genes and therefore multiple descriptor values may correspond to one reaction. Consequently, these reactions are duplicated during sorting such that each reaction appears once every descriptor value. The re-organization of a pathway map through sorting of a descriptor may reveal interesting information such as upregulated reactions in a particular cell organelle. Another interesting possibility is to include results from data analysis as gene or enzyme descriptor and subsequently sort the map according to this information (Figure 3 ).
IMPLEMENTATION
The ViMAc application is implemented as a web-based application with use of Perl and runs on a Unix platform. The 'GD' Perl module (www.cpan.org) is used to draw the pathway maps. All information that is used by ViMAc (i.e. experimental data and public biological databases) is integrated in a relational database (the database model is available from the authors) using Microsoft SQL server. The Perl DBI module is used to connect to this Fig. 3 . This map includes the reactions that correspond to genes, which were included in one of four clusters that resulted from cluster analysis (DeRisi et al., 1997) . The descriptor 'cluster' denotes these cluster, i.e. genes containing a carbon source response element (CSRE; pink) genes containing a stress response element (STRE; blue), genes regulated by HAP2,3,4 (brown), and glucose repressed genes (orange). Since this map is sorted according to the cluster descriptor the corresponding pathways are automatically included as a column (colour codes not shown). The CSRE cluster groups pathways that play an important role in respiration, while the 'glucose repressed' pathways are related to amino-acid metabolism. The HAP2,3,4 cluster corresponds to the oxidative phosphorylation pathway. See http://bioinfo.amc.uva.nl/vimac/ for full size figure database server. The ViMAc software is freely available but requires some effort to get installed because Perl, a web-server, a database server and local copies of several public databases must be available. However, the authors provide support by email. Currently, we only included information for S. cerevisiae and human in the ViMAc data base. Gene expression data sets can be uploaded via the ViMAc web-interface. It is not yet possible to use ViMAc for other organisms because no general software routines were implemented that can upload files to the database that contain pairs of EC-numbers and gene identifiers for other than yeast or human. For the same reason it is not yet possible for the user to extend the gene and enzyme descriptors or to include information from other metabolic database or in-house resources.
DISCUSSION
The requirements we imposed on the pathway map directly suggested a tabular layout. In an early stage we considered extensions and modifications of existing representations (e.g. KEGG maps) but we believed this would not be a fruitful approach to represent maps on a genome-wide scale, to include descriptors and other information, and to obtain a user-configurable map. The final layout of the map resulted after experimentation with several alternatives, e.g. placement of descriptors (which could be placed directly on top of the reactions) and location/inclusion of pathway, gene, enzyme and ligand names (which are now partially determined by the user). A main advantage of our 'tabular' representation is that each row represents a complete entity that can in principle be moved to any other part of the map in order to group reactions other than defined by the KEGG pathway classification. This may result in new biological insights.
The sorting of pathways according to descriptor values provides an example of this. In this respect ViMAc provides possibilities that are complementary to other systems. The metabolic map we provide does not adhere to traditional textbook drawings or representations provided by other systems. Although it is tempting to design algorithms that follow established conventions this would not have resulted in a tool that facilitates genome-wide exploration of gene expression data. As a consequence, the biologist has to learn to read and apply these metabolic charts in order to apply them successfully. However, once the maps and the possibilities become familiar, a powerful tool emerges.
ViMAc and the metabolic maps are open for improvement. Most important is the extension of ViMAc such that the user can include information for other organisms, descriptors and pathway databases. Furthermore, at this moment ViMAc is restricted to metabolic pathways because this was our primary interest at the start of the project. However, the layout of the pathway map is in principle suited to display regulatory pathways, although this would require further extensions to parts of the software and database.
At present, we use ViMAc to explore the differences between human gene profiles obtained with SAGE for myelinating and non-myelinating Schwann cells (Garbay et al., 2000) . For a first exploration of the gene expression data we generated a genome-wide pathway map, which included 81 pathways, 1055 reactions, 522 enzymes and 1021 genes. Although, this map is large it can still easily be investigated to find interesting features in the data. In addition, it is straightforward to make a hardcopy of the map (the current map was printed across 9 × 2 pages). The information extracted from this genome-wide metabolic map is now being pursued and results thereof will be part of a future paper.
